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DEFLECTION OF A FREE FLUID JET AT A FLAT PANEL

W. Schach

1. Introduction /2U45%

This article discusses the deflection of a free fluld Jet at
a flat panel positioned perpendicular and oblique to the direction
of flow., This problem, which is of general interest and has also
been mentioned very freguently in the'literaturel,uhas never yet
been treated in detail, either theoretically or experimentally.
Reich [3] merely studied the deflection of a circular water jet at
a flat panel perpendid¢ular to the direction of filow and determined
the form of flow by means of an equation found empirically. This
deflection of a free water Jet is important in water-turbine con-
struction for characterizing flow in the deflectors of free-jet
turbines and as it impinges upon the blades, and can also fre-
quently be found elsewhere, such as in the impingement of the free
jet of water discharged from pipelines and orifices, or falling

over dams, upon structural components and walls.

The objective of the following article is to determine the
shape of the jet in  itsdeflection and the velocity distribution
withln the jet, as well as to calculate the pressure distribution
upon the panel, plus the magnitude and point of application of the
total force normal to the panel. The study 1s extended to jets
with rectangular and circular cross sections. For the rectangular
jets, the width of the jet will be taken large enough, relative to
the thickness of the jet, that the requirement of planar flow is
satisfied. TFor the sake of brevity, the jet of rectangular cross
sectlon will be referred to below as a planar Jet, that of ecircular

! Bibliography for the fluid jet problem, p. 37.

% Numbers in the margin indicate pagination in the foreign text.



cross section, as a round jet. The panel inclinatiens were selected
between 90° and 30° relatlve to the direction of flow in each case.
The axis of the jet is horizontal, and veloccity 1n the jet corres-
ponds to varying pressure heads of 10 to 25 m water.

The planar problem of the rectangular jet can be characterized
completely with the aid of Prandtl's hodograph method (see Betz/
article [1]). Determination of the jet boundary for the circular
jet upon perpendicular impingement on a flat panel by the method of
successive approximations, which Trefftz [2] used to calculate the
contraction of circular fluid jets, has likewise been solved and 1s
to be published in a later article. The present article 1is re-
_stricted,. in the case of the circular jet, to a theoretical and
experimental study of the dilstribution of the flow of water,
the distribution of pressure over the panel, and the determination

of overall jet pressure at various angles of inclination.
The experiments were carried out in the Institut.fur Wasser-
kraftmaschinen at the Technische Hochschule Hannover [12]; water

was selected as the flow medium.

TI. Theoretical Treatment of the Deflection of a Planar Water Jet

/246

at a Flat Panel

1. Deflection of a Planar Water Jet at a Flat Fanel Perpen-—
dicular to the Direction of Flow.

a) Prandtl's Hodograph Method

In the following study, the deflection of a rectangular jet
will be considered as planar potential flow, neglecting gravity.
Prandtl's hodograph method [1] is used for the theoretical treat-
ment. If @ = ¢ + 1y is the complex potentlial of a planar floy,
then the hodograph method consists of determining the conformal
projection of the plane of flow z = x + 1y upon a w-plane using

W == %ﬁ- (1) )



and thus:

!
w:u—-—'l‘ﬁ/

is simply conjugate-complex velocity. From (1) we obtain

{1 dR

3= ?de'/ ) {

b) Representation of the Hodograph for Deflection of the /247
Planar Jet

In the z-plane, we lay the panel on the x-axis and the center
of the jet on the y-axis, so that the étagnation polnt falls at the
origin of the rectangular coordinate system; Fig. 1 then shows flow
behavior in the z-plane. In the hodograph (w-plane) (Fig. 2) we
obtain a source-sink flow in a space delimited by a semicircle and
a diameter. The source 1s located at point A at a distance vy along
the positive v-axis, while points B and B' are mapped on the posi~
tive and negative u-axes, respectively, as sinks at distance wip..
The segment BB' on the u-axls indicates the panel, and interval AQ
on the v-axis, the center of the jet. Jet branches ACB and AC'B’'
are mapped in the two circular arcs ACB and AC'B'. All the other
flow lines begin at source A and end at sources B and B'. Since
no discontinuocus velocity changes coccur In the plane of flow, the
flow lines likewise continuously fill out the region available to
them.

¢) The Functlon Q(w)

In order to make the u-axls a fixed boundary, it 1s necessary
to assign o the source and sinks a corresponding‘source‘andwsinks
of equal capacity, as a mirror image. Mirroring the interior of the
clrele.at the cirecle's perimenter transforms the full ecirecle into
the infinitely extended plane. The capacities of these sources and
sinks are doubled in the process. If we set the wldth a of the



Jet at infinity equal to 1, takiiig vy = 1 as velocity at infinity,
the boundary circle of the w-plane is transformed into the unit
circle;; the sources are located at +i and -i, the sinks at +1 and
-1, and their capacity is C = 2.
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Figs. 1 through 3. Representation of the plane of flow,
the Hodograph and the (¢,y)-plane for og = 90°,

Key: a. Lines of constant velocity
b. v-axis
c. u-axis

[Translator's note: commas in numerals are equivalent to
decimal points.]

The field of a planar point source or sink at point wy is
represented by an analytical function



0 (w) = -+ —i';—‘in (w—aw,),

where - the plus-sign represents the source, and the minus-sign re-
presents the sink. For the flow under study we thus obtaln the
following potential function

£2 (w) =—;— {In (w-—i) +Infw4—In(w—1)—In{w+ I)] | (3)

or, summarized, ' : i
i w? : .
Qw)=LnZEL & S (33):

In order to plot thecnetwork of flow and potential lines in the w-
plane, the function Q(w) is conformally mapped on a (¢,y)-plane
(Fig. 3) in such a manner that the flow lines y = const and the
potential lines ¢ = const of the w-plane are transformed into
straight lines in the (¢,p)-plane, parallel to the axis. Reflec-
tion of (3a) yields

er24- 1 - an ‘ : ) /

= eﬂﬂ:;—z ctg C (4)I

d) The Equation of Flow in the z-FPlane

If we obtaln E%%El from (3) and integrate in accordance with

(2), we obtain

zﬁ_ﬂl?[fw(zv—z) +fofﬂ+3) fgﬁ%*fwj‘%qﬂ / \
() )

or :
___[1 4L 4 4n w+"] +C.

We calculate the integration constant ¢ from the fact that w = 0
for 2z = 0, and obtain C = 1 - 1. In the equatiocn

zz%[in“’j‘[ +-;+i(lnn;€~i—i—wﬂ)] _ | (6)]

w



the real part 1s then the x-coordinate and the imaginary part the
y-coordinate of a point z which is assigned to point w. From

Eqs. (4) and (6), it 1s possible to plot the flow pattern in the /248
Z-plane with the aid of the (¢,¥)-plane by first calculating the
associated w for a particular value @ = ¢ + 1y and mapping

*

this point into the z-plane, using Eg. (6). The computation yields
a simple result, since the general equations (4) and (5) can be
considerably simplified for specific values of w and z, as is shown
in Sections e) through g), below,

e) The Eguation for the Line of Symmetry 0OC

The § values at ¢ and O follow from (4):

At ¢, w=VI, i.e. @ =-1/2 0r ¢ = 0, ¥ = =1/2;
At 0, w=10, ‘l.e. @ =-1or ¢ =20, y = -1.
The line of symmetry OC is thus represented by ¢ = 0 and from
(4), with @ £ 1y, we obtailn
[ J
wz?:'*“'ictg‘ﬂy?*. B L BN ’

2 S . [

In the z-plane, it is not possible to simplify Eq. (6) for the line
of symmetry.

f) The Eguation for the Free Jet Boundary

The value of the flow function at point C is ¢ = -1/2. For
the cirecle, @ = ¢ - 1/2, and from (4) we thus obtain =

ey + T

w? = ertg—1 " ' g (‘.} ﬁf

In order to determine the free jet boundary in the z-plane, we set
1 =,ei“, where a refers to the angle between the free jet and the
u-axis; from (5), then,



|

== e— [‘/‘ . + e
2 P — ___./,,.,_M N

f

or
3:—?& [lnctgh-{—zctg(m——”—{—c | : ‘ (9)

For computation it proves desirable to transform the coordi-

nate system by parallel displacement in such a manner that the
= 7/4). Then the integration constant

origin falls at point C {(a

becomes
_ 1 ’ .
£ = —?[In ctg—;} + 1Ctg_’;i], ’/r

and the..coordinates of a point on the free jet boundary, with C as

the orligin, have the value

* = [[n ctgk —In ctg 8] I -
: . o (1o)

e ;= 3) =]

I
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g) The Equation of Points Along the Panel and the Center
of the Jet

For origin 0, the value of the flow function is ¥ ~-1. Com-
¢ - 1 along the panel, and from (#) it

plex potential is then Q

follows that
emP—1 (“)/‘

2. £
w enP 41 /

In polar coordinates, on the other hand, w:'= r in the w-plane along
theopanel, and we obtain the abscissa of a point on the panel from
(6), relative to origin 0,



T i 1, ' [
X = In—;:;«hzarctg-;—,—ﬂ], i (!'z)f

where 0 < r < 1. With the ald of this equation it 1s possible to
determine the velocity profile, and thus the pressure profile,
along the panel, as i1s shown 1n Section 2.

The ordinate of a point on the y-axis follows- immediately from /249
Eq. (12), since the:.coordinates must correspond, due to the sym-
metry of the Jjet; then

S I3 T . .,.\
Y= [ln o —mzarctg—; + n}. ([://

Simplified equations (7) through (13) can be used to determine the
points of equal potential at the center of the Jet, at the panel
and at the free jet boundary. In contrast, the flow lines within
the Jet must be calculated from the general egquations.

2. Deflection of a Planar Water Jet at a Flat Panel Obligue
to the Direction of Flow

a) Mapping the Flow in the Hodograph

If the Jet I1mpinges upon the panel obliguely at an angle of
0y, different quantitles of water flow to each slde.

If we deslgnate the quantity of water flowlng upward as qj,
that flowing downward as 4o while the total quantity of water is q,

then g7 and q, are calculated -- by equating the momenta in the
direction of the panel —- as follows:

gy _ I-coSHy . : ; :' .

?:% T—cosea ! ‘ ‘ (14)/

and, from the equatiohcﬂ‘continuity, we have

' fh.‘*"j'zw(]ﬂ . ) ’ : _('5)/



We pPlace the origin of our rectangular coordinate system at stag-
nation point 0, with the panel coinciding with the x-axis. From
this we obtain the flow behavior shown in Fig. b4 for ag = U5°.

In the hodograph (Fig. 5) we obtaln one source at point A (eiuo)

and two sinks at B (+1) and B (=1). The angle AOB = o, in the /250
hodograph corresponds to the angle (180 - tg) in the z-plane, and
circular arc AB represents Jet branch ACB, while jet branch AC'B!

is mapped in arc AB'. The origin of the w-plane colncides with

the origin of the z-plane; connecting line AO yield the stagnation

.

line.

b) The Function Q(w)

If we pursue the same considerations as above, we obtaln the
following sources and sinks for vy = 1l and a = 1:

Source at A (eiao) with a capacity of 2,

Source " A! (e'ia()) n " n i 2,
Sink:. " B (+1) o 1 " 2(1 + cosdag)
Sink " B' (-1) v n " 2(1 - cosag)

For an arbltrary point, the potential function then reads

(@)= -iln(w—e'™) 4 In {wQe—"“e)— (14 cos o) In (10— Ij—(I —cosuo)'ljn(w+ 1] (!6)}

1
I

or, collecting like terms

| . |
R e Lt =] R T

o

c) Representation of Source-3ink Flow in the Hodograph by Means
of Flow and Potential Lines

In the conformal mapping of the w-plane onto the (¢,¢)~plane,
the problem exists that w cannot be expressed interms of @. Thus
in order to be able to determine flow lines of equal quantities of
water and equipotential lines in the w-plane, it 1s necessary to
proceed as follows: In the w-plane, the points of which are given
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Fig. 4 through 6. Representation of tHe plane of flow,
the hodograph and the (¢,y) plane for a, = L45°.

Key: a. Stagnation line
' b. Lines of constant velocity
¢. Panel

in polar coordinates by w = reia, lines r = const (concentric cir-
cles about the origin) and lines a = const (rays emanating from
the origin) are plotted for specific values of r and a. For each
point w determined by the intersection of curves r = const and

a = const, we can ascertain the associated ¢ and ¥ by breaking up
the potential function (16) into its real and imaginary parts. If
these polnts are mapped into the (¢,¢)-plane, the resulting series

10




of., 'lines represent the conformal mapping of curves r = const and
a = const (Fig. 6). If we now plot flow lines y = const and cor-
responding potential lines ¢ = const (square scale system), the
associated r- and a-values can be determined by interpclation and
transferred back into the w-plane, whereby the flow line. pattern

is determined 1n the latter.

d) The General Equatioricof Flow in the =z-Plane

In order tc¢ derive the general equation of flow, we formulate

@g%ﬂl from (16) andiintegrate in accordance with (2). We obtain
‘_;-”"' _ 1 dw dw ‘ j d
== [fw (tr—&f w) +fw w—e—tas) (1 + C_OS_%) w(ww cosmo)f {w—— IJJ
or - ’

I I
z———»-ELW. (2 —e”*n)—i—e_”r]n(w—-e—‘“»)-{-ln “COS%In(wzmI)}

We determine the integration conatant C for w = 0 to be

C = -—-;I; [2aysineg i (1~ cosay)]; ’f

the general equation of flow then reads

1

_ . N
z=%[ _Ia' (w_f—’"“-)‘i‘;,—.?’l n(w—e" wn)+1n-—-f~-—~cos%1n(w%-—1)} t17;’
/

— 2 sinay,— i (L4 cosag)|. : 1

e} The Equation of the Free Jet Boundary

ia

Points on the cirecle in the w-plane have the form w = e in

polar coordinates; we thus obtain

- d o
i do do __‘ﬂ‘_ — (1 —cosu f ‘ ]
5= ?[./. orr — piag +f-éf'&—c—i“¢ _—(l + COSﬁn}feia i 0) gin al
or . )
NS tg-— COS & z'amoco i-—Cf’“'('I-i 0‘_!1)} I I8
o= —:Jr [C(‘H(xolﬂ "——zﬂTuTm 4 In ‘«tg "{' In ToTcos (ot——-*oto) + L. " ( )

11



H---- \\\ To .determine the free Jet
l \\\\ boundarles, we first calculate
& N two points P and Q of the free
&’ ::::1 jet (Fig. 7) from general flow
¥ redos .
egquation (17)}). We shift the

crigin of the rectangular co-

- 2 ordinate system toc these points.

The constant C is then deter-

Fig! 7. Determination of the mined for o« = ap and for a = aQ
distance of the stagnaticn point

?rﬂm the center of the jet. from the condition z = 0, and

we can thus calculate the coor-
dinates of the free jet boundaries relative fo P and Q.

f) The Egquation of Points Along the Panel

For the points along.the panel, the general equation of flow
in the z-plane takes the followlng form, with w = r:

1|1 g . ] ’ _
5:‘_5[3""- ln(f—e""n)—{—ﬁln(r’——r'"")-'ﬁ-lﬂ{{‘%“cosaoln(rz—l)]"i_c'/

We break up the individual terms info thelr real and imaginary
parts and obtain the abscissa of a point x on the panel, calculated

from origin O,

¥ 127 CO8 . ¥ — COS &, |
—M——H—ﬂ — 2sina,arc cos ki P I
R YriF1—zrcosg,

:{—ln{-%—{- 2 sinoy (m—oy) |, ' | L,'

cosayln

:ai~

where r runs from -1 to +1.

the Jet
Yet another equation will be derilved below, by means of which

the distance ej] of the stagnation point from the center of the
Jet can be calculated without knowing the external 'Shape of the

12



Jet. From Fig. 7 we have
) . 1 :
31=x1+}'1Ctg°‘0_x1"”_M‘ ‘ c !

In order tc be able to determine ey from this equation, we assume

point P on the jet boundary for which the conjugate veloclty

vector has the value w = elaO/g. In this case, it is possible to

simplify Eq. (17), and we obtain the following values for Xy and

¥q+?
‘sin 3% f vl
= |cosagln — % | Inctg % o g I
=7 | cosa, 2 nc gT+SIn°‘o(ﬂ—°¢o) ) |
. COos "—4-— ) '!
1
i . Sinj—4 g . : ‘ : (2[)

V1= |singln T +-2—{I+cosoco) . P o

51T — ;

We calculate the absolute value of x'l by transformation of the
coordinate system into the x'y-direction from (18), obtaining

. sin 2%
|27 == -—-h;{ co8 &, In sin e+ Inctg —i"-wcosaoin e | ,
2 05 “:'
- 22
sin.3 %o ( ! /—252
—Inectg 2 —— cosa,ln |, :
+ sinT“ ]

Oh the basls of the calculations from the Jet eguation, the value

of X'l becomes negative, due to the choice of coordinate system,

and must be given a negative sign, since only the absolute value

of x'l comes under consideration for Eq. (20). If we substitute
the values of Xy, ¥, and x'l from Egs. (21) and (22) into Eg. (20),

we obtain 1

(31=:ﬂ1- cosmolnsinan+lnctgao—f—o,693cosacu—§—g-(ctgocn—f—_sinocn)--ocosin.a‘,}. {23} ‘

13



3. dJet Pressure and Its Point of Application

With the notation specified above, jet pressure on the panel
(Fig. 8) 1is - :
_Pu=%z{t sinag. - (24)/

The condition of equilibrium for momenta in the direction of {he
panel yields the following relations between a1, a, and a:

T -~ COS 0

a-l = 2 f
1—cosq "41+42:a- {’-’5)_/
’ . : ’E

e = @
2 2

By using the intersection M of the midline of the jet with the
panel as & reference point we obtain the diftance of the point of

application of jet pressure from the jet milidline,

e=2ct
7 ClE%g.

©
X
T B “E i ______ u-10%
[y § /
Ca 5, pmdx"
R = A
E%g_ : N
&5 5 ' .
$31 N o d
sa/\/]
T/ Ve Ny
¥ =e
s 5 g %= Plaferiags
§§FJ =
ER ‘
ag 4
Fig. 8. Determination of jet Fig. 9. Theoretical pressure
pressure and its point of and velocity curves on the
application. panel at ap = 60°.

Key: a. Pressure p in meters of
water; b. Velocity u in m/s;

¢. Center of jet; d. Stagnation
point; e. Length of panel
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We determined the velocity distribution along the panel from
(19) and, for the special case of perpendicular impingement, from
(12). In these equations, r is the ratio of velocity u at the
panel to Jjet welocity Vi (0 < u/vy; < 1 for the upper jet load,
0 > u/vy > -1 for the lower jet load). For numerical evaluation,
we assume certain values u/vy and calculate the associated abscis-
54 X. If the configuration of the veloclty curve is known, we
then obtain the corresponding pressure curve on the basis of 4

Bernoulli's equation,

| S 253
bt - =

The two curves are shown ln Fig. 9 for the angle ag, = 60°.

4. Numerical Examples

Confiigurations : of flow Iines within the Jjet have been deter-
mined with the aid of the extended equations for perpendicular
fiow and for a panel 1nclination of o, = 45°, PFigs. 1 through 3 and
5 through 7 show the results of computation. In azddition, the
jet boundaries have been calculated with Eq. (18) for various panel
ineclinations and compiled in Fig. 10. This figure contains all
characteristic values of the flow -- stagnation line, stagnation
point, jet pressure and its point of application -- for a jet thick-
ness a = 1 and a velocity vy = 1. The stagnation line cannot be
calculated directly at this point, but for calculating it we do know
its location in the impinging jet, and also its "perpendicular
tangent" on the panel at the stagnation point. Since the stagna-
tion line experiences sharp curvature as it approaches and becomes
the "perpendicular tangent," these values are adequate for plotting

it in the flow pattern.

15



" TITI,  Theoretical Treat-
"ment of the Deflec-

" Flat Panel

It is possible to
determine the external
shape of the jet and pres-
sure distribution on the

panel with the ald of
Trefftz's method [2] for
the deflection of a water

jet of c¢ircular cross

section which impinges

L%ywj - L perpendicularly on a flat

5 . ! N .
‘ b panel if we consider the

] — - problem in the form of
¥ig. 10. Theoretical jet configura-

tions at various panel inclinations. rotationally symmetrical
potential flow. A mathe-

matical derivation has not yet been successful for the obliquely
impinging jet. We therefore restrict ourselves to computing the
quantities of water flowing to both sides. Even though these
studies only have qualitative value, they will still be covered
briefly because of good agreement with experimental results.

1. Calculation of the Quantitles of Water Flowing Off to

FFig. 11 shows schematically the deflection of a round jet at
a flat panel oblique to the directlon of flow. A ecylinder having
the stagnation line as its axis and elements perpendicular to the
plane of symmetry divides the water intoc two parts of different
size, which will be determined by the law of the conservation of
momentum. For this purpose, we construct a cylinder-like .control
surface about the jet, as shown in Fig. 11. We choose the radius /254

16



-of the control surface's base on the panel of such a magnitude
that the velocity of the jet flowing off is again \SE experimental
results require R > 3.2rJ We also assume that the flow lines ex-
tend radially from the stagnation point; according to the experi-
ments conducted with paint, this assumption is wvalid with suffi-

clent accuracy. If we consider a wedge of water dg; or dq2 in

cross sectlon II with central angle d¢, we find the elementary
2

quantities of water, from total quantity of water Q@ = r TV to be

d gy == (;:L)’iq?_'@l ' ’I

dgy = (I-’—}B-‘L@Q } (28)1

(

where rl/r and r2/r are determined from Fig. 11 by the law of co-
sines. Since the panel forms an angle of (90 - ag) with the plane
perpendicular to the axis of the Jet, the angle ¢ at which the wedge
of water under consideration lies in plane II changes to an angle

¢ for thewp&ane.of the panel, the sizgevof which follows from

tany = tané¢sinag (29)

The condition of equililbrium for momenta in the dlrection of the

panel 1is

T O @ —_— ‘
Qcos%méfcoswdql—f—fcoswdgz-_—_0. (30) '
o 0 . i

If we substitute the values of dq,, dg, and ¥ from Eqs. (28) and
(29), we obtain

T
+._._
z — T
.' cos? b f i o
Aeosay _ q’]/“‘r_es“"‘?’ . »
22 Vi—covraganiy 4P o By
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-3ince b/r is a function only of « while independent of ¢, in-

OJ
tegral equation (31) is satisfied if we set

b/ = cosag (32)

If we label the gquantity of water flowing off upward as @31, the /255

quantity flowing off downward as Q, and the total guantity of water—___
as @ = Q + Qy, we can calculate Q1 and Q» from (32}, since they
correspond to the circular segments.-6f central angle 20,; We then
obtain , S '
Q=0 (1—F5+ 10, |

180 27

a sinza (Aﬁ
o=e(h—"). | "

Fig. 11. Deflection of d round jet at a flat panel
oblique to the directlon of flow.

Key: a. Control surface ¢. Stagnation line
b. Center cof jet d. Plane of symmetry.

If we formulate expressions for the elementary quantities of
water for the jet flowing off and compare them with the values

18



from Eq. (28), we obtain the following for the thickness § of the
off-flowing jet:

5. = L I—cosTogsintg 7t

1TR, S0 oty z ! (34)
-2 332 2 ! A

Sym o LTS msinty 7t .

. ; . :

2R, Sin oy 2 :

It should be polnted out here that the values of § Qalculated from
(34) apply only to that distance from the center of the jet at which

deflection of the jet is complete and veloclty has again reached
the value by, i.e. for R 2 3.2 r. This equation cannot be applied
within the region of deflection. Jet thickness & has been plotted
as a function of angle y for panel positions dg = 60 and 30°. The
computation ylelds a different curve shape than on the basis of
Wittenbauer's equatlon [10, 8]; this can be explained by the fact
that Wittenbauer assumes the stagnhation polnt to colncide with the
center of the jet, an assumption which deoes not agree with
experiment.

.........

2. Determination of Jet Pressure and Its Point of Application

According to the law of the conservation of momentum, jet pres-
sure perpendicular to the panel [7] is

Poz%}ivlsinmﬂ. . | (35) !

Setting up the equation of moment about stagnation point O, from

Fig. 11, ylelds

Pyley—e) = Jeysiney—J, is%”-‘u-{—‘Ja—dzz_’",”

-

If we determine “moment arms' §74/2 and Som/2 as mean values from
the moment arms of the elementary momenta, we obtain the following

equation for e at r = 1:

19



L 2 . ‘
e=§"§%§;[OjRléfcoswdw—nfﬁ‘zégcqswdw]. - (36) ‘

As R » », § + 0, In order to obtain finite walues for e, however,
the calculation has been carried out with R = 3.2 r. But this
calculation ylelds no satisfactory agreement with the experimental
values which were taken from the measurement of bressure.

IV, The Experimental Setup

1. Description of Test Stand, Nozzles and Test Panel

The bucket turbine connected to the medium-pressure circuit
in the water-power machinery lab;, Technische Hochschule;¢Hannover, .
with a head of about 30 m, was used as the test stand after sultable
medification [12]. Figs. 12 and 13 show a diagram of the test set-
up, with water circult, plus an elevation and plan of the modified
test system.

uIt was assumed, for the formulae for the planar Jjet, that it
is ihfinitely wide, perpendicular to thepplané under consideration,
and that the same state of flow prevails in all mutually parallel
planes. In reality, however, a Jjet discharging from a rectangular /257
nozzle diverges spatially after impinging upon a flat panel. In
the central section of the jet, though, the owtflowing "filaments"
of water remain in the plane of the 'impinging filaments and of the
perpendiculars to the width of the jet, if the jet's width is suf-
Ticiently large, so the requirements of planar flow processes are
satisifed. The nozzle was designed with dimensions of 21 x 115 mm
at the outlet on the basis of these considerations. The nozzle of
the bucket turbine, with needle-valve regulation was used for ex-

periments with a reound jet.

The test panel -- a forged-iron 610 x 250 mm plate -- is mounted,
free to rotate, in an iron U-frame which is fastened to the housing
of the bucket turbine. A hole with a diameter of 180 mm has been
cut in the center of it. The connecting plece inserted into this
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~opening is changed as re-
Hochberriitsr i Tormlo quired by the type of

r;_ == measurements, while the

forged-iron panel serves
£ . T ' merely to lead the water off

Uimleitung ber Wessermessung

el NI properly. The center of the

Shode/ae S
N\ Gk auddl

—~———
Hise )

pilerced panel will be called

"center of panel" in the

—
: f.ﬁleﬁ%grme-
unt d Tardine :

. £, Ableitung
k “ervhigangsblecte o prih a.
1 Araiimess

f Stachoege!
. Emf
1

followlng. For pressure

measurenents on the panel,

the holes for taking measure-—

n Sovgbetifer” U ments are arranged over a

~ \ - total distance of 160 mm
Fig. 12. Schematic diagram of the \
test setup, with water circuit. along a diameter of the
Key: a. 0.W.Sp. [Expansion un- 180-mm brass disk used as i
known]; b. Elevated tank and tower; the connecting piece (Fig.
c. Nozzle; d. Baffle; e. Deflection
hood; f. Bypassg during wafter
measurement; g. Insertion gauge; measurement heles is 5 mm.
h. Centrifugal pump; 1. Second
measuring channel; j. Flirst
- measuring channel under turbine; diameter of 1 mm and a depth
k. Damping plates; 1. Outlet
during pressure and foree measure-
ment; m. Overflow; n. Aspiration little brass tubes, over
tank.

14); the distance between
The holes themselves have a
of 3 mm; they lead into

which the rubber hoses are
drawn. In the trials wifh
the planar jet, thilis measurement line is oriented perpendicular to
the plane of the nozzle, whereas for trials with a round jet, it

1s possible to make measurements in all planes by rotating the brass
disk. When force measurements were made by weighing, this brass )
disk was replaced with a rectangular panel, 90 x 41.5 mm, for the
planar jet and wlth a disk 125 mm in diameter for the round jet.
These panels are set up in the forged-iron panel so as to be movable
with a play of about 1/5 to 1/10 mm, after the insertion of an
adaptor ring, and have a lever on the backside whieh is mounted
below on the main panel, in ball bearings (Fig. 13). There is a
cylinder at the upper end of the-rlever, to which a wire is fastened;
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Fig. 13.
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Design of the test system for pressure and force

measurements with planar and round jets.

Key:

a. Cable system for force measurements; b. Panels
for protection against spatter; c. Deflecticn panel;
d. Cylinder (diameter 60) on lever, protective
housing for cylinder; e. Sheet-metal hood; f. Hand-
wheel for round nozzle; g. Rectangular nozzle;

h., Flxed point for setting nozzel height; I. Round
nozzle; j. Pivot - for panel; k. Vertical panel posi-
fion; 1. Total pressure upstream from nozzle, measure-
ment point "A'"; m. Telescoping pipe; n. Pivot pin
for lever; c¢. Touappiration tank; p. connection for
pressure measurements



Fig. 1. Configuration
qf the test panel for
pressure measurements.

1

the latter is led over a pulley in the
front section of the housing. A
speclial test panél was designed for
water measurement with a round jet,

to be fastened on the main panel.

This panel 1s fitted with two cutoff
devices in its horizontal center plane,
whose points are 155 mm apart, for the
While
the water deflected downward can flow

purpose of dividing the Jet.

off freely, that flowlng upward is
guided by a Jacket on the panel. At
the top, the panel is attached via a
connecting piece to a pipeline, which
leads to the second measuring channel
(Fig. 12).

The test panel is installed in
such a manner that the portion of the

jet flowing off downward experiences the greatest deflection.

Since the nozzle can be shifted by about 60 mm through the inser-

tion of a sort of telescoping tube in the pipeline,
the jet could be adjusted relative to the panel in such a manner

the center of

that the center of the nozzle and that of the panel lay in a hori-

zontal plane.

scale, with vernier, mounted on the side of the housing.

The corresponding nozzle setting was read off at a

An angular

spirit level which could be read to 1/20° was used to adjust the

panel to the particular angle of inclinatilon.

2. Type of Measurements and Instrumentation

The following were measured:

1. ¥or rectangular and round Jets:

23
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a) Pfessure distribution at the panel at various panel

inclinations and varyilng jet velocitiles;

b) Location of the stagnation point cn the panel at

various panel inclinations;
¢) Jet pressure and 1ts peoint of application:
o) From the measurement of pressure;
B) By weilghing;
2. For round jets:

a) The gquantities of water flowing off to both sides for

various panel settings.

a) Statistical Pressure Measurements

According to studies by Nikuradse [10], measurement holes
with a sharp-edged form yield the most accurate results, whereas
countersunk holes produce an addltional pressure effect. In order
to study the effeet of the size and type of measurement holes, the
pressure curve for the round jet in the vertical plane through the
center of the jet at a panel setting of a, = 30° was therefore
determined over a length of 70 mm in.the region of high velocities
and thin water layers by shifting the nozzle, using sharp-edged
holes with diameters of 0.4, 0.7, 1.0 and 1.5 mmj the pressures
were measured with a column of water. The trials yielded different
values for static pressure, depending upon the dlameter of the
measurement holes; 0.4-mm holes produced the smallest values, while
we obtained larger values up.:to a dlameter of 1.0 mm, the pressures
for 1.5 and 1.0 mm approximately coineciding. These measurements
were used to determine, by extrapolation, the pressure distribution
which would be obtained with a hole of diameter zero in the wall
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’ J
‘(ef. [111). Accordingly, the sharp-edged holes under conslderation
exhibit the following errors in % of veloclty head:

TABLE 1.
Hole diameter, mm %4 | o7 | 10 | 15
Indicating error in % | +o6 | +ur| +u8) 418

Comparison with slightly countersunk measurement holes of
diameter 1 mm Showed us that thel!indicating error for these in-
creased to +2.5% on the average. The experimental values from
pressure measurements where therefore reducéd to the "zero" hole.
Mercury U-tubes were used as measurement instruments for the higher
pressures, while pressures below 3 m where determined with a column:
of water. In order to adequately damp fluctuations at the measure-
ment points, capillary tubes with inside diameters of 1/4 to 1/2 mm

were inserted in the measurement lines.

b) Stagnation Point Measurements

Once the approximate position of the stagnation point had been
established by the measurement of pressure, fthe pressure about the
measurement point being consideredowas determined as the difference
relative to total pressure upstream from the nozzle by shifting the
nozzle, using a column of water. The nozzle position at which the
smallest pressure differential is measured indicates the position
of the stagnation point, while we obtaln the magnitude of stagna-
tion pressure from the measuredpressure difference. These measure-

ments were only carried out for the rectangular jet.

¢) Determination of Pressure Drop

The pressure drop was measured as total pressure upstream from
the nozzle by means of a total-pressure lnstrument at measurement
point A {(Fig. 13) and was referred to the center of the nozzle by
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'subtracting the geodetic elevation. Thus these values also involve
frictional losses in the elbow and in the nozzle inlet. However, /259

1t is not necessary to take the losses into consideration, since
the pressure drop serves only as a reference quantity.

d) Measurement of Water

The quantities of water flowing off to both sides were deter-
mined for the round Jjet by measuring overflow with sharp-edged
overflows 200 mm wide with lateral contraction, whilch were cali-
brated by tank measurements. Overflow helght Hgy, fluctuations in
which averaged *1/10 for a given operating state, was measured with
gn insertion gauge. The nozzles were calibrated by tank measure-

ments performed with the aspiration tank (Fig. 12}.

e) Force Measurements

The center of the nozzle was adjusted relative to the panel on
the basis of the. measured pressure curves in such a manner that
pressure equalization occurred at the end of the panel. In addition
to total pressure upstream from the nozzle, the fension in cable
C was measured, the moment of whieh maintains equilibrium with that

assoclated with the jet pressure. From.this we obtailn jet pressure:

P = Cc/h.

The moment arm c¢ associated with the cable tension was determined
photographically. The point of application of jet pressure -- such
as found by measuring two different moments -- cannot be determined,
since the error in measurement affects the results too markedly for
the small Jjet dimensions. The distance e between the jet pressure
point and the center of the Jet must be determined either on the
basis of theoretical formulae or from the measured pressure curve,

from which momentum arm h is known,
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f) Trials with Faint

The palnt trials were used merely as preliminary tests in or-
der to make flow at the panel visible. White enamel was used for
the paint. Several of the large number of paint trials are shown
in Figs. 15 through 18 for the rectangular and round jets at

various panel inrnclinations ag.

V. Evaluation of Trials and Comparison of Experimental Results
with Theory

1. Trials wlth Rectangular Jets

a) Nozzle Calibration

In order to calibrate the nogzle, the highest velocity head
of the jet Ho [m] was determined as stagnation pressure, as a func-
tion of pressure drop H', at as = 90°, and the quantity of water
per second, &, was measured. From this we obtain the total quan-
tity of water, Q = 9.62vHy 2/s.

b) . Evaluation of Pressure Measurements

Pressure measurements were made for panel positions between
g0° and 30° at intervals of 15° for a pressure drop of about 10 m.
In order to study the effect of the pressure drop, mocreover, pres-—
sure measurements were performed at panel positions of $¢0°, 60° and
30° for drops of about 15, 20, and 25 m. We o¢obtain the position of
the stagnation point and the magnitude of stagnatlion pressure, as
well as jet pressure and its point of appllication, as the results
of these trials. For theuypurpcse of comparison with theokretical
studies, . measured and theoretical pressure curves have been
plotted in Fig. 19 for jet thickness 1 and Jet velocity 1. It is
found from a compariscon of pressure measurements for different pres-

sure drops that the pressure distribution and jet pressure vary as
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‘the square of velocity for constant jet thickness, 1.e. that a
dependence upcn Reynolds number cannot be found in the range stud-
ied. If we represent jet pressure P as a function of maximum
stagnation pressure H, —-- measured at do = 90° —- 1t can be balanced
for any given angle with a linear function P = const:Hp. As a
function of sine,, we obtain a value for P of

P = 0.350Hgsina, [kgl

for a jet width of 1 em, with a maximum deviation of *2%. The /261

dimensionless values e/a and ei/a are also plotted in Fig. 21 as
functions of angle ag, Whille the curves drawn 1in represent the

theoretical values.

Q= 45" ;

) a‘ .
\(fﬁewfum Drickborre

2

T

Fig. 19. Comparison of measured and theoretical pressure
curves,

Key: a. Theoretical pressure curve
b. Measured pressure curve
¢. Distance from stagnation point
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Fig. 20. Determination of mean

" ¢Y Determination of
" Theoretical Jet

Veloclty at the nozzle out-
let was not measured dlrectly,

put determined from the stagna-
tion pressures by assuming the
locations of the flow filaments
on the basis of potentlal theory.
From the velocity profile (Fig.
20) we obtaln average jet velo-
city

velocity vip and mean velocity

head v{,/2g in the jet.

Key: a. Center of Jjet; b. Jet
thickness; c. max. stagnation

pressure at ag = 90°.
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Fig. 21. Distance of
stagnation point and
point of Jjet pressure
application from cen-
ter of Jet.

Y ; Wb
Key: bzw, = or

30

Vip = 4.32/H, [m/s].

Since jet wildth downstream from
the nozzle fluctuated between
115 and 117 mm, the following
gquantity of water, referred to 1 cm jet
width, is obtained after nozzle calibra-
tion:

q = 0.827vHy [&/s].

S~
NI
L)
A%

Thus the theoretical jet pressure per cm

‘jet width, from (24), becomes

PO = 0. 365H05i1’10£0.

This value is 4% too high relative to the
measured value; the deviation can only be
explained by an error in P, in the cal-
culation of jet velocity or quantity of

water.



2. Trials with Round Jet

a) Nozzle Calibration

In order to determine jet veloclty at the nozzle outlet, maxi-
mum velocity head Hy was measured as stagnation pressure.at
%o = 90° for the nozzle without needle, as a function of pressure
drop H'. The quantity of water was calibrated by means of tank /263

———

measurements as for the rectangular Jet.

b} Evaluation of Pressure Measurements

The pressure measurements were conducted gt a total pressure
upstream from the nozzle of H' = 20.46 m for the same panel posi-
tions as 1in the case of a rectangular Jet. The pressure curve was
measured 1n eight planes for each panel setting. Fig. 22 shows the
evaluation of these trials for a panel inclination of 60°. We
obtain the stagnation poilnt and stagnation pressure, as well as jet
pressure and its point of application, as the results. The theo-
retical location of flow lines in the impingling jet was determined
on the basis of (32). If we transfer the measured stagnation
pressures to these fiow lines, we cobtaln a velocity distributlion in
the free Jet which agrees with the measurements made by Thomann

(4, 57,

The diameter of the panel was about 3.2d (d = jet diameter).
When the l1imits of error are taken into consideration, jet pres-
sure can be balanced with a straight line P = U4§.5sinag for all
panel angles with the pressure drop studied and thus follows the

linear sinag law.
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Fig. 22. Measurement of pressure at the panel for ag = 60°.

Key: a. Center of panel; b. Plane of measurements [u.= and]; c¢. Pressure in m H»0;
d. Down; e. Panel length in mm; f. Up; g. Center of jet; h. Stagnation point;
i. Plane of symmetry; Jj. Stagnation pressure; k. Center of gravity curve;

1. Measured curve for round jet; m. Theoretical curve for planar jet for

a = 39.5 mm; n. Resultant jet pressure [T = area]; o. Area; p. Distance of
center of gravity from center of panel; q. Pressure; W.S. = column of water



For a total pressure of H' = 20.46 m upstream from the nozzle,
water throughput 1s Q = 24.4 2/s, and the maximum veloclity head
of the jet is Hy = 20.35 m/s.. On the basis of Thomann [41,

we obtain an average jet velocity of vip = 19.68 to 19.78 m/s from
this value Hy. We thus calculate theoretical jet pressure from
Eq. (35) to be

Py = (48.8 to 49.5)sina,;

the measured Jjet pressure is from 0.5 to 2% too small relative to
this value.

e) Determination of the Quantities
of Water Flowing 0Off to Both
Sides '

20 \%"-fw

The nozzle was adjusted 1n such a

N
ﬁ@ = flad manner that the stagnation point fell on
the horizontal line connecting the cutoff
a s
o P points, it being assumed that the filaments

Fig. 23. Distance of of water deflected exactly horizontally at
stagnation point and . . s .
point of jet pressure the stagnation point colncide with the

application from cen- imaginary dividing line. As the paint

ter of Jjet. trials showed, thls 1s no longer the case

Key: bzw. = or at small angles o,; however, shifting the
nozzle from this center position reduced
the error in the determinaticon of water flow to only 1%. The
experimental values are compared in Table 2 with the theoretical

values calculated from Eg. (33).

IV. Sunmary

The theoretical treatment of a fluid jet which impinges ob-
liquely upon a flat panel has been limited in the above to the
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TABLE 2 .

Panel in- Measured Theoretical
clination values values (cf.
p. 18)
L2 ' .Q_C_i Q,ﬂ Q& ’ QL
' Q 2 2 Q

go' 0,5L1 0,489 0,50 0,50

75° ' 0,334 0,666 0,337 0,663

Go® 0,181 0,819 0,195 0,805

45 0,088 0,912 0,091 0,909

30 0,027 | o974 | 0029 | 0971 J

[d = downward, u = upward]

deflection of a rectangular jet. For this planar problem, the

free jet boundary and the distribtuion of flow within the jet are
calculated with the aid of Prandtl's hodograph method, whereby the
pressure distribution along the panel is also determined. The 4g§5
caleculation has been carried out for two examples, namely for
perpendicular impingement and for an ineclination of wg = 5o,

The free jet boundary and the pressure distribution along the panel
can be determined with a small amount of computatlional work for any
angle oag. From this we obtain the characteristic values for flow
(stagnation line and distance of stagnation point from center of
jet, distribution of the gquantities of water in the off-flowing Jet,
jet pressure and!its point of application); these have been plotted
in Filg. 10 for several angles oay. The determination of flow lines
within the jet requires a consilderable amount of computational work,
however, but they can be ascertalned graphically or experimentally
by one of the conventional methods, since the jet boundaries are

known.

For the purpose of comparing these theoretical studies with
actual flow, the pressure distributlion over the panel has been
determined experimentally for various panel inclinations, and

perpendicular jet pressure and its point of application have been
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'calculated by integration of the pressure curves. Jet pressure was
also determined directly by weighing in order to check the exerpi-
mental results. Except for a few small deviations, the experimental
pressure curves ylield very good agreement with potentlal theory
(cf. Fig. 19). Pressure measurements for various pressure drops and
constant angle o, produce the expected result that for constant
Jet thickness, pressure distribution along the panel and jet pres-
sure vary as the square of jet velocity. The theoretical "law"
of linear dependence upon the sine of inclination angle likewise
applies to the variation in jet pressure with inclination og. The
magnitude of Jjet pressure can be calculated from the equation

Py = ﬂg’?_v,,,‘ sin oy !
A difference of 4% was found between the theoretical and measured
values; this must be attributed to an erronecous assumption in the
determination of theoretical jet pressure from the nozzle :+ |15
calibration.

In order to study the deflection of a free fluid jet of
circular cross section at a flat panel, we experimentally determined
pressure distribution over the panel at the same panel ineclinations
as for the planar Jet. From these pressure measurements we cal-
culate the stagnation point and stagnation pressure, as well as
Jet pressure perpendicular to the panel and its point of applica-
tion. Jet pressure was also measured directly by weighing to
check the pressure measurements and the "laws" conecerning jet
pressure. It is found that, as in the case of the planar Jet, jet
pressure varies as the square of velocity and is a linear function
of .the sine of the angle of inclination. Measured jet pressure
agrees with the theoretical value

¥ .
Py = e Uy o S0 Oy i

except for a deviation of 0.5 to 2%.
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A cylinder having the stagnation line as 1ts axls and elements
perpendicular to the plane of symmetry divides the water through-
put into two parts of different size. Thesercomponents of water
throughput have been calculateditheoretically and also measured,
yielding good agreement.
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